INDEX WORDS: Serum magnesium concentration; dialysate magnesium prescription; hypomagnesemia; hypermagnesemia; hemodialysis (HD); end-stage renal disease (ESRD); mortality risk.
B
ased on observational studies in hemodialysis (HD) patients, it has been suggested that low serum magnesium levels are associated with cardiovascular (CV) morbidity (eg, mitral annular calcification, peripheral arterial calcification, and increased carotid intima-media thickness [cIMT]). [1] [2] [3] Moreover, magnesium may have a myocardial protective role. 4 In 1 Portuguese and 2 Japanese studies, higher mortality rates were observed in maintenance HD patients with low serum magnesium levels. [5] [6] [7] The current study investigated whether similar associations existed in a large national US cohort.
This observational study of patients from Fresenius Medical Care North America (FMCNA) outpatient dialysis facilities was conducted in 2 stages. The first stage was a retrospective exploratory evaluation into the distribution of serum magnesium levels and dialysate magnesium concentrations in a convenience sample of period-prevalent HD patients. We evaluated both the correlation between serum magnesium level and dialysate magnesium prescription and the potential association with 1-year mortality risk, with further consideration for serum potassium, calcium, and intact parathyroid hormone (iPTH) levels.
The second stage involved a follow-up study with a hypothesis that, unlike borderline hypermagnesemia, extremely high serum magnesium levels may associate with higher death risk. This study was nested within a prospective observational evaluation of potentially actionable factors associated with mortality risk in a larger prevalent cohort of FMCNA HD patients. 8 This stage investigated a wider range of serum magnesium levels, with greater focus on serum magnesium levels above the normal range because elevated levels are not uncommon in HD patients. Furthermore, we determined whether serum magnesium levels have similar associations in patients with diabetes and those without and evaluated non-CV causes of death and CV death, as well as the subset of sudden cardiac death within all CV deaths, each investigated as distinct outcomes among patients who had a documented cause of death.
METHODS

Initial Exploratory Study
The source population (n 5 83,744) included all FMCNA incenter HD patients who were actively treated as of July 1, 2007 , and with serum magnesium results (n 5 21,534) for the prior 3-month baseline period (April 1 to June 30, 2007) from all facilities reporting data to the Knowledge Center data warehouse. 9 Patients were followed up for 1 year (up to June 30, 2008) with the combination of death or withdrawal from dialysis therapy leading to death as the primary outcome.
Almost all (95%) patients were consistently treated by thriceweekly HD, with the rest having additional fourth treatments intermittently for fluid overload and other indications and very few patients treated 2 times weekly, with proportions comparable within serum magnesium subgroups. Patients were treated almost exclusively using Fresenius polysulfone dialyzers. Median treatment time was 225 (interquartile range, 210-240) minutes and was similarly distributed within serum magnesium subgroups. No hemodiafiltration was performed.
Case-mix variables at baseline included patient age, sex, race, with or without diabetes mellitus, and duration of dialysis therapy prior to study entry (dialysis vintage). Prescribed dialysate magnesium concentration was obtained from physician orders. If patients had their dialysate magnesium concentration changed during the baseline period, a weighted mean of different dialysate magnesium prescriptions was calculated in proportion to the time that each order was in effect. Prescribed dialysate magnesium concentration was stratified into 5 categories: ,0.75, 0.75 to 0.99, exactly 1.0 (reference), 1.01 to 1.49, and $1.50 mEq/L. In general, dialysate magnesium prescriptions were not based on an individual level, but determined at a facility level. For models involving dialysate magnesium concentration, an additional model was constructed that included an adjustment for serum magnesium level only, with serum magnesium input as a continuous variable. Dialysate prescriptions for calcium, sodium, and bicarbonate/acetate concentrations were not systematically linked to dialysate magnesium concentrations.
All laboratory examinations were performed by a single laboratory (Spectra Laboratories). A photometric color test for quantitative magnesium determination (Beckman Coulter; Olympus America, Inc) was used, which has a normal range of 1.30 to 2.10 mEq/L and coefficient of variation of about 1.3% to 1.6% (though the latter has been observed to be as low as w1.2%). The test is linear within a concentration range of 0.5 to 8.0 mEq/L for serum and plasma samples. Change in serum magnesium concentrations over about 6 months was analyzed and stability was confirmed in a subset of more than 16,768 study patients (w78%) with available repeat test results (Table S1 , available as online supplementary material). In addition to recording the mean value of all available serum magnesium levels and equilibrated Kt/V for patients during the baseline period, mean predialysis values were obtained for albumin, hemoglobin, phosphorus, potassium, calcium, and iPTH.
Correlation coefficients were obtained between serum magnesium and dialysate magnesium values, as well as to each of 3 laboratory variables selected a priori: potassium, calcium, and iPTH. Cox proportional hazard models produced hazard ratios (HRs) for mortality from unadjusted, case-mix-adjusted, and casemix plus laboratory variable-adjusted models (ie, albumin, hemoglobin, phosphorus, equilibrated Kt/V, potassium, calcium, and iPTH), with higher serum magnesium level associating with lower mortality risk. The proportionality assumption was tested using visual inspection of survival curves and the SAS Proc PHREG Proportionality Test; all variables satisfied proportionality assumptions with the exception of albumin and hemoglobin, but this was mitigated by the large sample size.
With .80% of patients in the study cohort having baseline serum magnesium levels within the normal range (1.30-2.10 mEq/L), 10 categorization into equal patient numbers in the form of quartiles and sextiles would have not allowed for differentiating clinically meaningful serum magnesium levels. Thus, the categories chosen were based on clinical criteria: hypomagnesemia: magnesium , 1.30 mEq/L; low, mid, and high-normal magnesium levels: 1.30 to ,1.60, 1.60 to ,1.90, and 1.90 to 2.10 mEq/L, respectively; and hypermagnesemia: .2.10 mEq/L. The mid-normal range (1.60-,1.90 mEq/L) was used as the reference group. 390.xx-447.xx) and the subset with sudden death (ICD-9 codes: 427, 427.4x-427.5x, 427.8x, and 427.9) were identified. Case-mix variables included all prior exploratory variables with the addition of body surface area and vascular access type. Laboratory data were the same except for the omission of potassium level. This analysis of higher serum magnesium level categories was made possible by the larger sample size of the analytical file, which was primarily intended for another study designed to determine the top 5 potentially actionable variables associated with hospitalization and death. 8 Survival analyses were conducted as described in a previous section. A stratified analysis was also performed to elicit potential effect modification by diabetes. Cox models were similarly constructed using the subgroup of patients with cause-of-death data to determine the association between serum magnesium level and non-CV deaths, serum magnesium level and CV deaths, and (separately) serum magnesium level and the smaller group with sudden cardiac deaths. The follow-up cohort maintained the first 4 categories and the reference category, but further broke down the hypermagnesemic categories into 3 more: .2.10 to ,2.30, 2.30 to ,2.50, and $2.50 mEq/L. Therefore, the exploratory and follow-up cohorts had differing categories of serum magnesium. Post hoc, follow-up for all-cause mortality was extended to 3 years to determine whether the findings were maintained (Fig S1) . All statistical analyses were performed using SAS, version 9.2/9.3 (SAS Institute Inc).
Follow-up Analyses
RESULTS
Baseline Demographic Characteristics of Both Studies
The initial exploratory study cohort represented 21,534 of 83,744 (26%) of all FMCNA maintenance HD patients during the period, whereas the follow-up analysis was 27,544 of 110,271 (25%) of a larger study cohort of patients available for analysis.
8 Table 1 shows baseline characteristics of both the exploratory and follow-up cohorts, together with their respective source populations (ie, all eligible HD patients during each respective baseline period). Both study cohorts show a similar distribution of baseline characteristics compared with their source populations, with the exception of a slight oversampling of black relative to white patients.
Initial Exploratory Study
Distributions of serum magnesium and dialysate magnesium concentrations are shown in Fig 1A. For each category of prescribed dialysate magnesium, mean serum magnesium level was higher overall than the prescribed dialysate magnesium concentration (only 0.2% of patients had serum magnesium levels less than dialysate magnesium levels), with a positive correlation (Pearson coefficient: R 5 0.22; P , 0.001). Dialysate magnesium concentrations showed minimal or no correlation with serum potassium (R 5 0.09), calcium (R 5 0.13), or iPTH (R 5 20.02) levels. However, serum magnesium level correlated positively with baseline serum potassium, albumin, phosphorus, and calcium levels (R 5 0.30, 0.27, 0.21, and 0.20, respectively; all P , 0.001), but was not correlated with iPTH level (R 5 0.016).
There were 3,682 deaths (17.1%), and as shown in Fig 1B, increasing serum magnesium levels were associated with decreasing 1-year mortality risk (reference serum magnesium category, 1.60-1.89 mEq/L). The HRs indicated an almost linear trend, with the highest risk associated with hypomagnesemia (serum magnesium , 1.30 mEq/L) at unadjusted HR of 1.6 (95% confidence interval [CI], 1.30-1.96), although few patients (n 5 377) were within this category. However, patients with low-normal serum magnesium levels (1.30-,1.60 mEq/L) also exhibited a higher risk for death (unadjusted HR, 1.33; 95% CI, 1.21-1.45), whereas above-normal serum magnesium Am J Kidney Dis. 2015;-(-):--levels (.2.10 mEq/L) exhibited the lowest unadjusted HR of 0.67 (95% CI, 0.60-0.75). With subsequent case-mix and case-mix plus laboratory variable adjustments, the trend was attenuated, although a significant survival advantage remained for patients with high-normal serum magnesium levels (1.90-2.10 mEq/L: HR, 0.89; 95% CI, 0.80-0.95) and patients with hypermagnesemia (.2.10 mEq/L: HR, 0.79; 95% CI, 0.67-0.85). There was no independent association between dialysate magnesium concentration and mortality risk, and a center effect was not detected (data not shown).
Follow-up Study
The follow-up study was performed in order to further explore survival at serum magnesium categories greater than the laboratory upper limit in a larger cohort. Kaplan-Meier survival curves confirmed that patients with serum magnesium levels above this limit (.2.10 mEq/L) had a survival advantage. There was no significant difference between patients with serum magnesium levels of .2.10 to ,2.30 mEq/L (n 5 3,593) or 2.30 to ,2.50 mEq/L (n 5 1,564) versus patients with serum magnesium levels $ 2.50 mEq/L, although there were fewer patients within this highest serum magnesium category (n 5 976; Fig 2) . There were 4,531 (16.5%) deaths during the year, and as shown in Fig 3A, unadjusted HRs for death (reference serum magnesium category, 1.60-,1.90 mEq/L) decreased significantly from the lowest to the highest serum magnesium category ($2.50 mEq/L: HR, 0.68; 95% CI, 0.56-0.82). While differences in case-mix and laboratory variable results were observed between serum magnesium categories ( Table 2) , adjusting for these differences only attenuated the risk estimates but maintained similar results. For the highest serum magnesium category ($2.50 mEq/L), the case-mix-adjusted HR remained significantly lower (HR, 0.74; 95% CI, 0.61-0.88) than the reference category (serum magnesium, 1.60-,1.90 mEq/L), but lost statistical significance after further adjustment for laboratory variables (although the HR of 0.89 [95% CI, 0.74-1.09] remained below that for the reference range and did not indicate higher death risk).
Subgroup analyses included stratification by the presence of diabetes (n 5 14,756) versus none (n 5 12,788; Figs 3B and C, respectively) and limited outcomes analyses for non-CVD deaths (n 5 2,077), CVD deaths (n 5 1,711), and the subgroup of sudden cardiac deaths within CVD deaths (n 5 1,174), shown in Fig 4A, B, and C, respectively. The association of high serum magnesium level with lower mortality risk was consistent in diabetic and nondiabetic patients, but lost significance after adjustment. The association of high serum magnesium level with better survival trended for both non-CVD and CVD deaths, as well as in the subset of CVD deaths due to sudden cardiac death, but was not significant for adjusted models. Similarly, low and low-normal serum magnesium levels only had higher mortality risk prior to laboratory variable adjustment, primarily driven by non-CV deaths (Fig 4A) .
DISCUSSION
This study demonstrated that higher serum magnesium levels were associated with lower mortality risk in HD patients. To our knowledge, this is only the second large nationally representative study investigating the relationship between serum magnesium levels and mortality risk in HD patients, allowing for categories that represent the broad range of observed serum magnesium levels in this population. Considering the complexity of determinants of death risk, this observational study was designed to detect signals that could be tested in prospective clinical trials and was not intended to prove a causal relationship between serum magnesium level and mortality. Initially, we investigated the relationship between dialysate magnesium and serum magnesium concentrations and other serum parameters, along with an overview of their association with overall survival. After the exploratory study indicated a positive association between increasing serum magnesium level and improving survival that appeared to extend to patients with hypermagnesemia, the follow-up study evaluated the association of survival with categories of higher-than-normal serum magnesium levels. Elevated serum magnesium levels occurred frequently in HD patients and in this study indicated no increase in mortality rate even with hypermagnesemia with magnesium levels $ 0.40 mEq/L higher than the normal reference range. These results are potentially generalizable because the baseline composition of both study cohorts was similar to their respective source populations (all period-prevalent FMCNA HD patients).
Outcome studies in the general population have indicated potential associations between low serum magnesium levels and atherosclerosis, hypertension, diabetes, and left ventricular hypertrophy, as well as both CVD mortality and all-cause mortality. [11] [12] [13] In Japanese HD patients, an initial small study (n 5 514) reported increased all-cause and non-CVD mortality, but not CVD mortality, associated with lower serum magnesium levels (,1.14 mmol/L [,2.28 mEq/L]). 5 This study was later confirmed in a national Japanese cohort, extending the results to include a significant Figure 2 . Unadjusted Kaplan-Meier survival analysis for all follow-up study patients (n 5 27,544) according to different serum magnesium level categories (unadjusted log-rank P , 0.001). Unadjusted Cox models used serum magnesium level $ 2.50 mEq/L as reference. Compared with the reference category, serum magnesium levels .2.10 to ,2.30 and 2.30 to ,2.50 mEq/L were not significantly different (P 5 0.4 and 0.9, respectively). However, serum magnesium categories of 1.30 to 2.10 and ,1.3 mEq/L were significantly different from the reference group (P , 0.001 for both) and from each other (P 5 0.001).
Am J Kidney Dis. 2015;-(-):-- association between serum magnesium level and CVD mortality risk. 6 Thus, the current study fills a knowledge gap, not only by confirming the association between serum magnesium level and survival, but doing so in a different large nationally distributed population. It demonstrated that the relationship was consistent in subgroups that might be vulnerable (eg, diabetic patients), as well as independent of categorical causes of death (eg, non-CVD, CVD, and sudden death). Furthermore, the study was able to evaluate categories of hypermagnesemia and, contrary to expectation, 6 did not detect a higher death risk with levels $ 0.40 mEq/L above the laboratory upper limit of normal values.
In the exploratory study, not surprisingly, serum magnesium levels were higher than prescribed dialysate magnesium concentrations and a correlation between serum magnesium and prescribed dialysate magnesium concentrations existed, but other factors such as unaccounted comorbid illness, use of diuretics, and/or nutritional intake of magnesiumcontaining compounds, including food items, dietary supplements, phosphate binders, or antacids, either singly or in combination, may have likely influenced serum magnesium levels. More importantly, a clear, almost linear positive relationship existed between risk for death and serum magnesium level (Fig 1B) . Thus, in follow-up, a more refined analysis was performed to evaluate outcomes above the normal serum magnesium range (.2.10 mEq/L). This group was further divided into several elevated serum magnesium level categories, providing greater detail than results from Ishimura et al. 5 Post hoc, we found a similar risk pattern when follow-up was extended to 3 years (Fig S1) .
Although Sakaguchi et al 6 also evaluated higher serum magnesium levels, it is important to note that they used a hypermagnesemic reference group (group 5: serum magnesium of 2.8-,3.1 mg/dL [2.3-,2.6 mEq/L]); therefore, findings of a higher death risk relative to this reference group (corresponding to the current study's group with the best survival) should not immediately cause concern. Sakaguchi et al's 6 group 6 ($3.1 mg/dL [$2.6 mEq/L]) has the same or lower relative death risk compared with patients with high-normal serum magnesium levels (group 2: 2.3-,2.5 mg/dL [1.9-2.1 mEq/L]). Therefore, despite using different serum magnesium categories, we found a clear increase in mortality rates in the 2 lower serum magnesium groups (,1.30 and 1.30-,1.60 mEq/L) relative to the highest serum magnesium category ($2.50 mmol/L; both P , 0.001), consistent with the findings of Sakaguchi et al. 6 In the study from Ishimura et al, 5 lower serum magnesium levels also associated with lower serum phosphorus, calcium, and albumin levels, possibly indicating malnutrition. A similar pattern was also found in our study. In our multivariate analysis, an increased mortality risk for lower serum magnesium categories (,1.60 mEq/L) remained even after adjustment for case-mix, but was not present after adjusting for multiple laboratory parameters, including albumin, phosphorus, and calcium, among others. Recently, elevated levels of adiponectin, which has a role in energy homeostasis and lipid/ glucose metabolism, have been associated with increased mortality risk in end-stage renal disease in the presence of low serum magnesium levels.
14 These findings may link serum magnesium level, nutritional status, and mortality in this population.
High serum magnesium levels may be a consequence of better nutrition, consistent with the Honolulu Heart study. 15 In the present study, adjustment for body surface area and serum albumin and phosphorus levels did not abrogate the lower death rates with higher serum magnesium levels. However, we could not adjust for other markers, such as C-reactive protein and alkaline phosphatase, which have previously been associated with worse outcome. [16] [17] [18] Our findings remained consistent in all subsequent subgroup analyses, whether stratified by diabetic status or changing the outcome variable by categorical cause of death. The risk for both CVD-and non-CVD-related death was reduced with increasing serum magnesium levels. This is in contrast to Ishimura et al 5 not finding a reduced HR for death from CVD (HR, 0.98; P 5 0.9). 5 This difference may be due to a smaller sample size (515 vs 27,544) plus a different study design and study population. Compared to the current study, they had a longer follow-up period (4.25 vs 1 year) but a lower mortality rate (21% in 4.25 years vs 16.6% in 1 year), proportionally fewer cases of sudden death (8.7% vs 31%), and a smaller proportion of patients with diabetes (24% vs 54%).
Sakaguchi et al, 6 using a similar design, likewise showed that low serum magnesium levels were associated with increased risk for both CVD and non-CVD mortality. However, as mentioned, we did not detect a J-shaped association but instead a continuous almost linear relationship up to serum magnesium levels $ 2.50 mEq/L. 6 In addition to choice of reference group, contributing factors for differing results could include the following: (1) differences in laboratory standards and variability (we used only a single reference laboratory) and (2) a different study population that, in addition to race, varied by dialysis vintage (3.5 vs 7 years) and percentage of diabetic patients (w50% vs 35%).
In the general population, Reffelmann et al 12, 13 found lower CV mortality in patients with serum magnesium levels $ 0.74 mmol/L ($1.48 mEq/L) after many adjustments, including for left ventricular hypertrophy, whereas in patients with non-dialysisdependent chronic kidney disease, Kanbay et al 19 reported a lower CV event rate at serum magnesium levels . 0.84 mmol/L (.1.68 mEq/L). Furthermore, higher serum magnesium levels correlate with reduced vascular calcification in dialysis patients, 1-3,20-22 a potential mechanism to reduce CV death. Additionally, sudden (CV) death is not uncommon in HD patients (w30% identified in this study), along with arrhythmias such as atrial fibrillation, 23 and electrocardiogram changes have been associated with abnormal serum magnesium levels. 9 The reduced HR in our study for sudden cardiac death in higher serum magnesium level groups may relate to prevention of arrhythmia. 24 Three small published studies have indicated that interventions involving magnesium may have beneficial effects. 21, 22, 25 In one of these studies, 47 longterm dialysis patients were randomly assigned, and those receiving magnesium supplementation had reduced cIMT after 2 months of treatment.
22 A second study randomly assigned 29 of 54 HD patients to magnesium oxide 3 times daily for 6 months with a significant reduction in cIMT, whereas the control group had significantly increased cIMT. 25 The third report was a small uncontrolled pilot study showing the prevention of progressive coronary artery calcification in HD patients given magnesium carbonate as a phosphate binder. 21 In vivo/ex vivo studies in Wistar rats indicated that the presence of magnesium ions reduced aortic ring calcifications despite the presence of high phosphorus levels. 26 In addition, a magnesiumbased phosphate binder (magnesium carbonate/calcium acetate) reduced aortic calcification in rates with adenine-induced chronic kidney failure. 27 However encouraging these small experimental studies are, even in combination with our epidemiologic study, we caution that it would not be justified to infer a treatment recommendation; prospective, adequately powered, randomized clinical trials are needed.
The current observational study, although robust, has limitations inherent to its design, particularly with susceptibility to selection biases, absence of information for nutrition and oral magnesium-containing medications, and residual confounding (eg, comorbid illnesses). First, because serum magnesium is not routinely measured in all patients at FMCNA, we used convenience sampling; only patients whose physicians ordered serum magnesium tested during the entry period. Testing frequency appears to be practice related and we are not aware of a differential bias for obtaining serum magnesium levels selectively in particular patient subgroups. Nevertheless, we cannot exclude such bias. Second, both hypo-and hypermagnesemic groups contained fewer patients than the other groups and thus may sometimes not achieve statistical significance. However, despite abrogating significance with laboratory adjustment, the former tended to be associated with increased risk for death, while the latter groups tended toward lower risk than the reference category. Finally, the current study only provided cross-sectional representations of serum magnesium levels, and longitudinal stability for the patients in our study was inferred from a subset of patients but not tested in all. However, these stability results were consistent with those from Ishimura et al, 5 in which serum magnesium levels at baseline correlated strongly (R 5 0.835) with repeat measurement after 1 year.
In conclusion, the study findings suggest that whereas hypomagnesemia could be associated with increased risk for death, hypermagnesemia was associated with either lower or no additional risk. However, serum magnesium level is only one of many factors that may influence risk of death. Thus, although it is prudent for physicians to evaluate for treatable causes of hypomagnesemia, only adequately powered long-term prospective interventional studies will be able to determine whether therapeutic adjustment of serum magnesium levels can be beneficial for HD patients. consulting for FMCNA) reviewed the manuscript draft. Two authors (Drs Lacson Jr and Passlick-Deetjen) collaboratively made the final decision regarding the main points to be communicated in the manuscript, with review by Dr Maddux.
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